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with experimentally measured values. The CYLTRAN results are 
extended to the off-axis dose caused Dy a 100 Mev electron 
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A. BACKGROUND 


Wnen a high energy electron passes through matter it 
loses energy through two classes of interactions; 1onization 
and bremsstrahlung. At lower energy ionization is the 
predominant energy ioss mechanism while at higher energy 
bremsstrahlung becomes predominant. Equation 1.1 shows the 
energy loss by a beam of highly relativistic electrons due 
EOvuLONiZatilon. Eguation 1.2 shows the energy loss due to 


bremsstrahlung for a highly relativistic electron. {Keio 


(dF?yvdx)ion = (4Pie* nymc? ) {log (2mc? /I) (eqn Taam 
~ 3/2 (Log{1l—E )) — 9172 Bogs) tava 


<dE/dx>rad= (4NZ? R hk/137) (109(183/2"% } (eqn 1o2m 


The approximate ratio of energy loss as a fncticHaicm 
distance for the two mechanisms 1S Showr in eyuation 1.3 
wnere E is the electron energy in MeV. Table I contains the 
meaning of the symbols used in these eyuations 

In the case where the product, EZ is much greater than 
800 MeV, energy loss by bremsstrahlung predominates and the 
energy loss due to ionization may be neglected. The energy 
at which the ratio is equal to one, for a particular Z, is 
known aS the critical energy and is denoted E(crit). fhe 
criticai energy in Mev is shown in equation 1.4 . li, ine 
given material, the incident electron energy is much larger 
eles acid oveoe.e ) then effectively bremsstrahlung is the only 
energy loss mechanism until the eneryy of the electron 


approaches E(crit). [ers i 


TABLE Ii 
Symbols used in Transport Eguations 


e) 

(Ss 
io 
O 
f+ 
oe 
fu 
= 
by 

LO 


oe Vie: « 


Electron density 


| 
ag) 
ia. 


Charge on electron 

Mass of electron 

Speed of light 

Lomizatyelepote tla | 

nactLOwon er cCeCeLOUeVeLOCLtyY to Cc 
Planck's constant 

Atomic density 

Atomic number 


Classical radius of the electron 


~ WN 2a ST MY HH AO 8B oO BS 


Frequency of the highest energy photon produced 


(an nee. mc eet ieee Selo mee © gee m,n Be | ee es Ss ee , ee Be ge es ee, 


iz a I MR nee MURA A YE 2, NI i RR er UES a I i ea i dias iin, a 


[ne a ee ee Se Se See nm ee 


(dE/dx) rad/(dE/dx) icn=EZ/800 (eqn 1.3) 


Bicrit) =800/Z (eqn 1.4) 


Photon production by premsstrahluny is essentially a 
Statistical process where the energy of any given photon 
Beewuced in an interaction foliows a probability distribu- 
tion function that is determined by the energy of the elec- 
tron and the atomic number of the material. The spectrum of 
ehergies produced by a mono-energetic electron beam will be 
very broad, with some photons having a maximum energy eygual 


memienat of the incident electron. 


The bremsstrahlung produced photons undergo two types of 
interactions, Compton scattering and Pair Production. At 
energies above about 10 MeV, fair production dominates the 
energy loss. The electrons prcduced in these interactions 
and the positron produced in pair production undergo further 
bremsstrahlung. The pair will eventually undergo pair anni- 
hilation and produce two low eneéeryy gamma rays. This process 
of bremsstrahlung followed by electron/positron naterializa- 
tion followec by further bremsstrahlung leads to the forma- 
tion of what is called a ‘radiation shower" {[Retimeg 
[Rer<-3 ]. Figure 1.1 is a graphical representation or 
shower development. 

The work previously cited Ey Oppenhimer and later work 
by Rossi waS intended for energies greater than the critical 
energy. This early work was intended to explain the hagh 
energy showers detected in the atmosphere as a result or 
cosmic rays. With the advent of electron accelerators in the 
hundred MeV and GeV range, their work was applied to the 
probiem of dose buildup in shielding. Since most shielding 
3s made of high Z@ material the approximation that 1o0nization 
can be ignored is valid [Ref. 4). 

Eariy work on radiation showers treated energy loss 
by ionization as just a disaprearance of energy from the 
beam, and did not attempt to treat the electrons formed by 
the ionization. Since these theories ignore the 1lonization 
electrons contributicn to the total number of electrons 
present in the shower, any dose calculation based on these 
theories would be in error by ar amount egual to the contri- 
bution of those electrons. For showers formed by extremely 
energetic electrons the number of ionization formed elec- 
trons will remain negligible for a considerable distance 
{Ref. 3]. In energy regimes where the incident energy 1s on 
the order of the critical energy, about 102 MeV for air, the 


error in a computed dose can be very large. 
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Figure 1.1 Shower Development. 
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in- PrAacrmec. it becomes tecessary to use Monte-Carlo 
techniques to calculate the Show er-induced dose. 
Historically, these codes have been used ina wide variety 
of problems dealing with shielding and dose buildup [Ref. 5] 
{Ref. 6]. There appears little published work comparing 


calculated and measured dose rates in low Z2 material. 


Dar VEoCute Troy 


It 1s the purpose of this thesis to determine the off- 
axis radiation dose deposited in Silicon by a 100 MeV elec- 
tron keam in liquid Nitrogen, at ranges up to two raddiauaes 
lengths and extend these result to the off-axis dose in air 


fm 


ato 2 This energy is nearly eyual to the critical energy 
which is about 102 MeV [Ref. 4]. The energy of an eiectrona 
bean is a function of penetration depth and the atomic 
humber of they mabe mac. In the case of a mono-energetic 


electron beam, the beam energy as a function of depth is: 


<E> = E, exp- (x/L) (eqn 1.5) 


where FE) is the incident energy, x is the depth ineme 
material and L is the radiation lenjth. The radiation length 
1S el Rer <a) he 


1/L= (42? NR 7137) log (183/2") (egn 1.6) 


The radiation length in the standard 80% nitrogen 20% 
oxygen atmosphere at STP (standard temperature and pressure) 
is about 307 meters. This posé€s a Significant probiem with 
the Naval Postgraduate School Electron Linear Accelerator 
(linac) which has an experimental area only two meters in 


emg = he The radiation length for liquid Nitrogen is 47.7 


eZ 


centimeters. Since Nitrogen makeS up eighty percent of the 
atmosphere and the next most abundant component, Oxygen 
differs by an atomic number of one from Nitrogen, the inter- 
action cross section of Nitrogen closely approximates that 
of the atmosphere. In order tc measure the off axis radia- 
tion fieid at several radiation iengths it was decided to 
Seootitute Tiguid Nitrogen for aic. Calculations where made 
uSing the electron/photon transport code CYLTRAN and are 
compared to measurements at 26,52,/8 and 104 centimeters of 
liguid nitrogen. The off axis radiation field was calculated 
and measured at 1 centimeter intervals from on-axis to ten 
centimeters off- axis. The lengths used in both the calcu- 
lations and experiments were 26,52,78,104 centimeters of 
med nitrogen corresponding te 0.54, 1.08, 1.63 and 2.17 
radiation lengtns respectively, Table II compares the exper- 
imental lengths to iengthsS inaic including the off-axis 


mestances covered. 


13 


i y 





- -_> - <= - -—* - = - 
a ee ee ee ere te ee — — —— - — — -—s re _ = - - - 1 


} 


yes Pama. v ‘ ‘ 4 = 
I * td = - r - 
j Cer hoe ek eine = 
‘ea ae eae, 
1 
| Se ay oe As ms  TtP=—C 7 4 ey rs 0s a i Oc SS Re ey zi L nex ' 
} 
i] se: ie oa! 4 i i 7) 
| woul dete Die. 42 see eR re Pee app. 
{ Sate tg, * Oto eae mae | ea as: 
4 : ; 
i ee atk ® ayte j es a 4 iy Pee + . ate : a ae! ' i. 1 ls 
| : on ; J 4 
' 
| SOUR YSTH ae ee ee ng , Ut ~ eee at We gar a ere aoe kes ee Sa er oe De 
i 


The assumption that off-axis distances scale linearly 
with radiation length 1s based on the work of Oppenhimer and 
Rossi. Their work shows that the deveiopment of a radiation 
Shower is directly related to the position measured in units 
of the radiation length. The lateral spread of the shower 
is also dependant onthe distance in units of radiation 
length. For materials with similar Z, it is clear from equa- 
tion 1.6 that the radiation lengths are in proportion tc the 


Baero OF the atomic densities { Ref. 2] [ Ref. 3]. 


1s) 


Ef. CALCULATIONS 


A. DESCRIPTION 


The cylindrical geometry, multi-material electron/photon 
Monte-Carlo transport code CYLTRAN was used to calculate the 
orf-axis dose deposited in a0O.z cm thick silicon target at 
the desired ranges. The silicon target was divided into ten 
concentric rings of width 1 centimeter centered on the axis. 
The simulation geometry is Shown in Figure 2.1 . The portion 
of the CYLTRAN output of interest to this experiment is the 
energy deposition in each material zone. This portion gives 
the material, its lecation and mass, and the energy depos- 
ited by primary and knock-on electrons, by photons and the 
total energy deposited. Each vaiue for the energy deposited 
includes a one or two digit number that represents the one- 
Sigma statistical uncertainty of the quantity. The deposi- 
tion data 1s produced in Nev per incidentyetecruronw ts 
Simplify future comparisons this data was converted to a 
normalized dose in urits of Rads (Si) per coulomb = (Tawi 
III contains the total calculated normalized doses, and 
Figure 2.2 through Figure 2.5 are graphs of the off ana 
results. Figure 2.6 is a comparison of the calculated off- 
axis normalized doses. Appendix A contains the complete 
CYLTRAN eneryy deposition data and further information on 
CYLIRAN. 
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Calculated Off-axis Normalized Dose at 26 cn. 


CYLTRAN is a relatively large simulation code of about 
30,000 lines (ot fOmeran The calculations were perrornmed 
during an experience tour at the Los Alamos National 
Laboratories on a CDC-7600 computer. The statistical Unecms 
tainties can be seen to grow as the thickness of the Liquid 
Nitrogen is increased. This is due to the exponential rise 
in the number of interactions that the program must Sinmu- 
late. One metnod that was used to decrease the statistical 
uncertainties was to increase the number of incident 
photons. The drawback to this wethod is that the number of 
interactions has already increased exponentially as the 
iength increases, and adding additional incident electrons 
increases the cpu time of the froygram even further. It was 
found that an increase by a factor of two, decreased the 
Statistical uncertainties by only ten percent but increased 
the cpu time by at least a factor of two. At twenty—si 
centimeters and with five thousand incident electrons the 
cpu time was five minutes; at 104 centimeters and with 
50,000 incident electrons the cpu time increased to about 


two hundred minutes. 
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Figure 2.3 Calculated Off-axis Normalized Dose at 52 Cm 
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Figure 2.5 Calculated Off-axis Normalized Dose at 104 cr. 
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Ae) 6=DISCUSSION 


All experimentai runs were conducted at the Naval 
POstGgladuate School using the Electron Linear Accelerator 
located there. A full description of the NPS Linac is given 
in [Ref. 7]. Two parameters required close monitoring 
during experimental runs; the electron energy (all calcuia- 
tions were made for 100 MeV) and the total charge delivered 
by the accelerator. 

The total charge delivered was monitored by a secondary 
emission monitor (SEM) that was used with a viorating reed 
electrometer to determine the tctal charge delivered to the 
SEM. Once the total charge to the SEM was known, the total 
charge delivered was found by using the SEM efficiency 
fieror Or 0.06. This represents the largest uncertainty in 
determining the total charge delivered. Due to uncertainties 
Mmmche efficiency factor, the total charje delivered can be 
determined to no better than 5 jfercent. Electron energy was 
controlled by the use of a magnetic defiection system whose 
stability and accuracy iS withir 0.5%. This is considered to 
Memon Sutrticient Stability and accuracy that any £fluctua- 
tions wouid not be noticabie within the limits of this set 
or experiments. 

The off-axis dose was measured using Thermal Luminescent 
Dosimeters (TLD's). TID's are a class of radiation detectors 
that utilize an excited electror state to register the depo- 
Sition of energy. When a TLD is heated the excited electron 
returns to its ground state and emits a photon. These 
photons are a direct measure cf the amount of energy and 


hence tne dose deposited in the material. 


Finding a suitaple container for the licuid )nitioge: 
posed the first major experimentai problem. The TLD's could 
not be subjected to cryogenic temperatures due to possible 
mechanical failure. There was also concern that whatever was 
usec to insulate the TLD's might affect the experiment ina 
undesirakle fashion. Due to cost and handling considemeae 
tions glass dewers were ruled out early in the design fhase. 
Severai methods for fabricating a container out of commer- 
Cially avaiiabie, closed ceil insulation were tried without 
success. Finally a 1 inch thick, closed cell foam, sheet 
material was found that could be handled and glued like 
wood. This material was made into boxes with interior cross 
Sections of 20 X 20 cm and interior lengths of 26, 527s 
and 104 cm. 

The probiem of where to position the TLD's was Solved by 
finding the beam axis uSing a phosphor screen on the TLD 
Side o£ the container prior to filling with liguid Nitrogem 
This allowed positioning of the TLD's to an accuracy Of wgae 
ch relative to the beam axis. The TLD's were wrapped in a 
Single layer of 0.3 mil Aluminium and,attached to the back 
of the container with two sided tape. On several [unSwaee 
lines of TLD's were emplaced, with one set horizontal tomes 
ground and the other vertical; this placement was to deter- 
mine the extent of any beam asymetries. Table IV list the 


runs that were made. 
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The TLD's were of the Calcium Fluoride type and had been 
calibrated for use below 30 MeV. Extending the energy 
observed to 100 Mev may result in low readings; in the event 
there were gamma rays of high enough energy that the range 
of the gamma cay froduced farticle is not negligible 
compared to the mean free path of the primary particle 
[ReEeers |. Clearly this effect will lessen as the length of 
liguid nitrogen is increased. Unfortunatly, any attempt to 
correct for this under detection reguires a detailed knowl- 
edge of the gamma spectrun, which is not available. Since 
the shortest measurement 1S ata length greater than 0.5 
radiation lengths there will be very few gamma photons with 
energy greater than 30 MeV and any effect of under detection 
due to hiyh energy gamma photons should be negligible 
Ref <r l): 

The TLD's consist of a matrix of teflon holding aug 
CONCeNntration of “Calei uns! suo rice Since the absorrtion 
cross sections for Calcium Fluoride differ by at most 5 
percent from Silicon from 0.1 to 100 HeV the TLD measured 


dose may be used as dcse Silicon [Ref. 9]. 


Be. RESULTS 


All TLD's were read at the Naval Surface Weapon Center, 
White Oak, Maryland. The TLD's were overnignt-expressed to 
NSFC where they were read and the results returned by nail. 
Results of the experimental runs were reported in Rads, 
using the charge delivered during the run, these values were 
converted to Rads per Coulomb. Figure 3.1 through Figure 3.4 
Show the result of the experimental runs at each length of 
liguid Nitrogen. Appendix B cortains the complete data rrom 
the experimental runs. 

The vertical error bars in Figures 3.1 through 3.4 are 


based on the 5 percent non-randecm uncertainty in determining 


the total charge delivered by the Linac and the 5 percent 
non-random uncertainty resulting from the use of Calcium 
Fluoride TLD's to measure dose Silicon. This resultS ina 
total uncertainty of 10 percent in the measured normalized 
dose. The horizontal error bars are based on the 0.5 centi- 
meter uncertainty in the position of the TLD's relative to 


the beam axis. 
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Figure 3.2 Measured Normalized Dose at 52 cr. 
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Figure 3.3 Measured Nornzalized Dose at 78 cn. 
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Figures 4.1 through 4.4 show the normalized dose as 
calculated by CYLTRAN and measured wari, 72> The error 
bars have been lert off of the TLD data points ines 
Baitecest Of Elanqey. Although there is ayreement, within a 
factor of 2 at worst, between measured and tie caiculated 
nornalized doses, in many cases CYLTRAN appears to calcuiate 
higher normalized doses than were measured. The ditrerence 
paver ve oh a 
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Measurements at 52, 78, and 1904 cm and calculations eae 
104 cm show a higher normalized dose immediately off=aame 
than on-axis. This is due to the small solid angle suptended 
by the on-axis detector; any primary particle that undergoes 
an interaction will be scatered into a different detector 
and, since the on-axis detector represent the smallest ‘'tar- 
get’ of any detector, it will have the lowest probabil? cys 


havin ota particle seatrercuaemurca te. 


Bee UGS RATE VEN SAT 


In order to extend the above results to STP ail (eee 
necessary to take into account the chanye in Size; eau 
hence in mass, of the detector as the raliation Lene 
lincreases. The ratio of the radiation len@ths in 522 (ae 
1iGUG NItroOGen. <i1.s9647 ef Re ale AS Me.tionec jreyuouSIeE 
the amount of energy in a shower in some solid arale isa 
function of the solid angle and the position measured in 
units of radiation length. ZIf£ a detector Ssubtends erie 


solid angie and is located at the same position as measured 
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Gh whits of radiation length, then ‘1t will absorb the sane 
amount of energy. However the detector will be larger by a 
factor of the square of the ratio of the radiation lengths; 
this increase in size will increase the mass and hence 
decrease the dose. In the case at hand, the dose absorbed by 
the detector will decrease by 647**2. Table V shows the 
normalized dose off-axis in STP air for 100 MeV electrons it 
is based on the CYTRAN calculations in liguid Nitrogen, the 
distance off- axis is in terms of angle subtended by the 


detector instead of centimeters. 


C. COMPARISON WITH PREVIOUS PAFERS 


The only work of a comparakle nature found in the ojen 
literature is [Ref. 10]. This paper reports the calculated 
off-axis dose from a 50 MeV electron beam in air at ranges 
out to 3000 meters. The calculations in [Ref. 10] are kased 
on the computer code ETRAN which was used to calculate the 
electron and photon distribution emerging from a semi- 
mieinsce Slab Of air. Knowing the photon spectra, the dose 
in a water sample was calculated. The referenced paper pres- 
ents the data in Rems per electron with the assumption that 
1 Rem eguals 1 Rad (HO). 

Table VI compares selected data points from the tabies 
in [{Rez. 10] with the corresponding data points from table V 
Comparisons in this table are made on the assumption that 
for that portion of the dose due to Gamma photons 1 Rad(Si) 
equals 1 Rad (H, 0). No account of the difference in the 
absorption cross sections for electrons needs to be taken 
since the referenced report assumes that no electrons 
directly contribute to the dose. As can be seen in tabie VI 
the differences between the normalized doses reported in the 
referenced paper and the values reported here are signifi- 


cant. At least part of the difference may be attributed to 


5). 


the difference in incident energy; additionally the assump- 
tion made in [Ref. 10] that the primary, knock-on and the 
photon produced (secondary) electrons do not direct 
contribute to the dose will cauSe an under-caiculaticn oF 
the dose. The detailed analysis necessary to determine the 
exact source of the differences is beyond the scope of this 
thesis. 
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TABLE V 


off-Axis Normalized Doses in STP Air 


mM ip 


ngular Length of STP air 
Dlacement (normalized dosé in Rads per coulomb (S1)) 
a 168.2 om 
Oh SUAS He 1.856xX10% 
2-2-4.4 13 283% 104 
4.4-6.6 7.418X103 
Geos oe 7 3. 347K103 
8.7-10.9 line 50 X 103 
10. 9-13.90 Brae Xe 
13. 0-15.1 Dee Vile 0 2 
We l=17. 1 1.12X%102 
i s= 195.1 Cao Gru 
VS eA 1.8X101 
3 OG aye 
CESS 1 1.617X103 
lias 2 1.345X103 
De Pee Pre, 1.008X 103 
3.3-4.4 8.07X102 
44-525 6.61X102 
a OOis © 5. 08% 102 
O53 I si 4.06X102 
Pl ie eee | 2.87X102 
Se 9a 2e52k 104 
Oo —- 10. 9 1.75xX102 
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Table V 


Off-Axis Normalized Doses in STP Air (cont'd.} 


inka 

| 504.8 on 

| OrO>0n47 Jam Oe 

| Va —-\.> Se oe 

{ ie ere 2-86X102 

| Ze2-2.9 2.12xX102 
Ce onl, 1.852Z10¢ 

| 3.7-4.4 1. 16X104 

| 4.4-5.1 1.09X102 

Sto. 0 Se7k10* 

| Dao O.6 6.6X10! 

| Op0= 725 3.0 K102 

673.1 

| OL0= Us. Leto 10< 

8 eS a 1.71X 102 

| lect eG 1.39X 102 

6s 252 1.09K 10¢ 
DP Rel | 8.7X101 
Lela e5 6. 1Xa04 
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TABLE VI 


Comparison of Reported Results 


Distance Angular CYLIRAN Reference 
in air displacement Rads/Coul Rads/Coul 
(meters) (degrees) 

330 3) ey Si 1119) 220 20 
500 OOO S 520 60 
670 02 0=0 =. 140 30 


All values for distance and normalized dose were 


rounded off to the nearest decade. 


= ae eee 
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APPENDIX A 
DESCRIPTION OF CYLIRAN AND OUTPUT 


The computer code CYLTRAN which was used for the caicu- 
lations of the off-axis dose rates in this thesis 1S a 
cylindrical-geometry multimaterial electron/photon transport 
code. The code was developed at Sandia National Laboratories 
by J-A.~ Halbleib and W.H. Vandevender [{Ref. 11]. The cogs 
is written in Fortran IV and was run on a CDC-7600 at Los 
Alamos National Laboratories. 

CYLTRAN describes the generation and the transport of 
the electron/photon shower from the incident energy down to 
a cut-off energy of 1.0 and 10.0 Kev for electrons and 
photons, respectively. The user may specify a higher 
cut-off energy for either or both the electrons and photons. 
The materiais (up to ten ) that the shower propagates 
through must be invariant with respect to rotations about 
some axis. The incident particles may be either electrons or 
photons, they may be mono-energetic or have a source spec- 
trum specified. The incident particles tay also be either; 
mono-directional (no divergence), have a divergence angle 
specified or be isotropic. The output of cyltran contami 
the following main categories of data: 


a) Charge and energy distribution profiles. 


b) Integrai energy and number escape coefficients 


for both electrons and photons. 


Cc) Escape coefficients for electrons and photons 
that are differential in energy, angle and 16 both=em mae 


and angle. 
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CYLTRAN combines condensed history electron Monte Carlo 
calculations with conventional single scattering Monte Carlo 
metnods. (Ref. 5] [Ref. 17]. The code follows electron 
Eeansport iancluding energy-loss straggling, elastic scat- 
f-Eiag and the production of Knock-on electrons, brensstrah- 
lung, CWabacwenlsticm ’-Cdwemdnd damnmihilatzon radiation. 
Photon transport includes the coverage of photoelectric, 
Seometon and palr production interactions and includes secon- 
dary particle production. 

The cross sections for electron interactions are 
obtained from the ETRAN Monte Carlo system [Ref. 12] while 
the photon cross seéections are calculated from analytical 
fits of Biggs and Lighthill [{Ref. 13]. Although the probplen 
geometry is limited to two dimensions all particle geome- 
tries are generated and followed in three dimensions. 

The geometry used to generate the data used here is 
Shown in figure 2.1 . The probiem geometry iS trcather 
Simple, consisting of a cylinder of liguid nitrogen ten 
centimeters in cadius and varying in length for the 
different runs. The Silicon end is set at 0.2 centimeters in 
thickness and is divided into ten concentric rings each of 
which is one centimeter in width. Beam divergence was left 
at zero. 

Only three input files were reguired to run each 
probiem [{Ref. 11] takle VII shows the input parameters, 
their format and their meaning. The problem inputs were 
varied as to the number of energy bins and angular bins in 
order to minimize the statistical uncertainties. Table VIII 
45S a tlisting of the input tables used in calculating the 
off-axis dose at 104 cm. The values shown for the energy 
bins and the energy cutoff values were used for all calcula- 
tions. Final energy deposition outputs for the four problen 
geometries are shown in table Ix , table X , table XI ana 
table XII 
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APPENDIX B 
EXPERIMENTAL RESOLTS 


The tables in this appendix contain the results of the 
Six experimental runs. Uncertainty in charge delivered is 5 
percent, uncertainty in the ncrmalized dose 1s 10 percent 


and uncertainty in off-axis poSitidon ts y02omer. 
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TABLE XIIf 


Experimental Run I 


Length of Liguid Nitrogen: 26 Sie 


Charge Delivered to SEM: 1.0 E-06 coul. 


| eae errata Sone nn eee eee ee 
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Total Charge Delivered: 1.5 E-05 Goud. 

TLD POSITION DOSE HEASUEED #§=§ NORMALIZED DOSE 
(off-axis) (Rads) (Rads per Coul) 

Os Ore < 8.43 E+04 iO Deere Oo 

1.0 71200 EROS ia20 Bt O9 

Pah 4.96 E+04 ZS 1 EOS) 

Be. 0 3.26 E+04 hc SST ap eee 

4.0 leva ebeo 4 WaOOTE+O9 

Sao Cis Zeus Veo ut OS 

Gard 5. 135 Eros S07 VEt CS 

RS. 2.54 E+03 Neo Zen 08 

Sere Ve3 2, 3b eS UG SIZ BOT 

S150 OO ie es 4.74 E+07 

OS 8, OS Bre a2 0) | Sy (0ke) Fae hy) 


Fe gy yp 
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TABLE XIV 
Experimental Run II 


Length of Liquid Nitrogen: 652 ene 
Charge Delivered to SEM: 4.4 E-06 coud 
Total Charge Delivered: 7.33 E-05 Goul 


SS ee ES eS SS SS Sa SS a ae Se eee ee a a  -ee -oe ee = a 


a a mn i a tS Si I i NE ie Re EN pie Li Ke SN ain) PR cy (ar A pe a iy i 


[ianesciniacttaitly natal 


8) 


(off-axis) (Rads) (Rads per Coul) 
OPES are 2.58 E+04 3-5 lun Oe 
i ee G.41 £E+04 2.1/6 EROS 
Ze lei6 Heo 2-40 Et+08 
36.5 1.24 E+04 126958 eCs 
4.5 12.03 +04 1.40 E+08 
Seas 1.9 DES 1.07 S20 
O49 6259 EOS 8.71 E+07 
Teas 5.29 Bes 7oZ21 Eom 
B25 S205 Bee 5 a 22 Eee 
= ee 2.050 Sts 3.83 E407 





ad 
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TABLE XV 


Experimental Run III 


Length of Liquid Nitrogen: 26 CM. 


| 
| Charge Delivered tc SEM: 1.00 E-06 Goudy. | 
| Total Charge Delivered: 1.67 E-05 coul. | 
| TLD POSITION DOSE MEASURED = NORMALIZED DOSE | 
| (GER—axis) (Rads) (Rads per Coul) | 
C=] CC. 8.62 E+O4 ol ae dae OS, | 
O25 8.76 E+04 5. 2DUEREOO 
15:5 6.83 E+04 4.09 E+09 | 
pee. 4.14 E+04 2-48 E+09 | 
Sie. 2-48 E+04 1.47 E+09 | 
4.5 1.38 E+O4 Sac wer OS 
5.5 8.10 E+03 4.85 E+08 | 
Ga 4.40 BGs 2-64 E+08 | 
| 13 2.52 Eee 15 Sean ste) : 
| eo Ve 62 (E40 STAs) ee 6h | 
| o.5 | 1208 Et02 6.24 E+t07 | 
| ‘ee O22) Eee Ge liS4b+ 07 | 


I eT eS 
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TABLE XVI 


Experimental Run IV 


Length of Liguid Nitrogen: 52 Cie 
Charge Delivered to SEM: 8.8 E-06 Coulee 
Total Charge Delivered: 1.35 E-04 cou 


TLD POSITION LOSE MEASURED NORMALIZED DOS 


2 
| 
| 
| (off-axis) (Rads) (Rads per Coul) | 
(horizontal) | 
| Oa Usre is 6.99 EO 5.17 EtG | 
O25 72-47 E+04 53 53) EO | 

| dae) 6.51 E+04 f.82 Btoe | 
| Zao 4.62 E+0O4 3.42 5+ Ge | 
Ses, 3.74 E+04 2-7/7 EFug | 
4.5 3.08 E+04 2.29 GH0e | 
| a a) 2.47 E+tO4 1388n 50 | 
| OD 1.97 E+0O4 1.46 E+08 { 
Veo 1.62 E+04 1.20 8408 | 
Mee ees 1.09 Er0g 8.07 Jeroe | 

| 925 failed | 
a 
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Table xVI 
Experimental Run IV (cont'd.) 


LOSS MEASURED 


— > a —F SP ee Ee 


TLD POSITION 


NORMALIZED DOSE 


| 
| | 
| (off-axis) (Rads) (Rads per Coul) | 
| (vertical) | 
GSD 5.94 Et04 G.40 E+08 
| 0s, 4.90 E+04 Sees) da Ns! | 
| age, failed | 

5) Sao) htO4 ZOU ie 
4.5 2-94 E+04 Peet OS | 
: 2S, 2-40 Et+O4 A | Tins (Ot! : 
| 6.5 1.81 E+04 1.34 E+08 | 
V5 T5727 ser 04 1.16 Et07 | 
| Se 5 1217 Ero 8.67 £+07 | 

oa5 iaeo, EAs Sool et 07 | 

08S. Ore Dee Sel ot 07 | 
ea a ee ees 
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TABLE A2VII 
Experimental Run V 


Length of Licuid Nitwocgen: 7s eile 
Charge Deiivered to SEM: 2.8 E-05 Cou. 
Total Charge Delivered: 4.75 E-04 cour 


| | 
| : 
| | 
| | 
| TID FOSITION LOSE MEASURED NORMALIZED DOSE | 
| (off-axis) (Rads) (Rads per Coul) | 
(horizontal) 
| OO Reni. S03) of 0G 1.68 1 BeOS 
O25 8.97 E+04 1.88 E+08 ! 
135 Teno: Fe ere 1251) Eto | 
IES 5.06 Et04 1.06 E+t+08 | 
| Be) 3.76 FEO lead 2s oe | 
| LS) Bir.) syemgos = (0) 6.63 BLOF | 
| aD 2.3] Eas f.99 Ee | 
| 6.5 12637-2404 3.85 45+ oe | 
| ees, Veeo0- BHO8 36 VGerE em | 
| 5 ta 22 fed 2201 E07 | 
Sas: 925) B03 Veo 67 ee 
102:0 9.63 E+03 2.03 £909 
Pe 
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ee eee ene nies sil 


(off-axis) 


(vertical) 
0.5 
le 5 
Ze 
ae 
4.5 
55 
Sees) 
ao 
eS) 
Seas. 


table XVII 


Experimental Run V 


DOSE MEASURED 
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(Com d. } 


e548 
1.46 
Ge 92 
Se 
5.47 
4.27 
Sucre 
2-406 
ree) 
1,69 


NORMALIZED DOSE 


—o a a ee ee ee =e Ee Se ce 


(Rads per Coul) 


E+08 
E+08 
E+O7 
E+07 
E+07 
E+07 
E+07 
E+07 
B+o7 
E+07 


od 





| ae SED Gee ee Ge Gn qui GS eee GS eg Be Coe 


a SS ce 
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TABLE XVIII 
Experimental Run VI 


Length of Liguid Nitrogen: 104 cn. 
Charge Delivered tc SEM: 5.0 E-05 coul. 
Total Charge Delivered: 8.33 E-04 coud. 


TLD POSITION NORMALIZED DOSE 


— <> mee mS ee es SS ee ee oe —— 


mi Cn fp gm GT melanie mm, i GO Ni NN pe NINN ae ON inp fips RE aig ea flan ame ON een iit Wi gee easiness 


(off-axis) (Rads) (Rads per Coul) 
(horizontal) 
0 <en 4 5.98 E+04 1 ee tae 
Oe 6.13 E+04 Ta 36 EEO 
V5 5-46 E+04 6.255 E07 
Ze5 4.48 E+04 5-36 EHO 
J605 32.93 £H04 4.72 E+07 
4.5 3.03 Enos 3. 646 E ter 
ie 20) EO S00 EOF 
6.5 1.99 EF04 2639 Ene 
(Pes 1.63 E+04 1.960 EOF 
G25 1.24 E+04 RSs 810) f/ 
os 1.04 E+t04 le Zone On 
T1020 Gia > Eas gS 1) Syao.2 19) 7/ 
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le XVIII 


Experimental Run VI (cont'd.) 


(vertical) 
Ces 
5 
Die 
Sai 
4.5 
Sao 
Ge) 


| 

EASURED NORMALIZED DOSE | 
ads) (Rads per Coul) | 
| 

E+0O4 i236 7E+t07 
E+04 Gao 07 | 
E+04 4.65 E+Q?7 | 
E+O04 Seon §tO7 | 
E+04 Jodo st .07 | 
E+04 2 eet 07 | 
E+04 To99 ETO7 
E+04 baOtest 0 / 
E+ 04 1250 +0 7 | 
ne OLS 1.04 E+07 | 
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Pee eae of the Electron Linear Accel@rator at the 
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